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Abstract 
In this work the radial displacement of the arterial wall is measured using a cross correlation algorithm. An elastic 
model for static pressure conditions is developed, fit to the boundary conditions of the physical problem. Measuring 
the wall displacements as pressure changes the biomechanical behavior of the arterial wall can be characterized. 
Validation measurements were performed in a calibrated latex tube.  The obtained experimental results are in good 
agreement with the theoretical model. Human arteries were also characterized. The typical non linear pressure-
diameter behavior due to the presence of elastine and collagen was observed. Human arteries with atheroma plaques 
were also studied presenting a different Young modulus than the healthy ones. From these results we conclude that 
this method could be used in the characterization of arterial mechanical alterations and/or in the post-implant 
biomechanical evaluation of vascular grafts.
PACS:43.35.+d, 46.25.-y, 87.19.R 
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1. Introduction 
It has been reported that arterial diseases, such as human hypertension and atherosclerosis are associated with 
modifications on the physical properties of large arteries, besides characterization of the biomechanical properties of 
the arterial wall allows an early diagnosis of cardiovascular diseases, like arteriosclerosis and atherosclerosis. 
Different ultrasonic methods (i.e. Pulse Wave Velocity, M-mode Imaging, Intra Vascular Ultra Sound) have been 
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developed to evaluate the different mechanical parameters which characterize the arterial wall. However, more
accurate methods remain to be developed.
The aim of this work is to develop an in vitro setup capable of measuring the arterial wall displacements as
pressure changes in order to characterize the biomechanical behavior of the arterial wall.
2. The elastic model
Let us consider the vessel as a homogeneous elastic hollow cylinder of internal radius a and thickness h. Let z be
the coordinate along the cylinder axis, r be the radial coordinate and ș the angular coordinate. Assuming that Hook’s
law is valid, the equation governing the displacemen s is the following:
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Where Ȝ is the compression elastic modulus, μ is the shear elastic modulus and u T ),,( zr uuu 
G
the
displacement vector. For a hydrostatic rise of pressure inside the vessel the solutions do not depend on the z
coordinate, on the angular coordinate ș and on time. From (1), under these assumptions, we obtain for the radial
coordinate the following equation:
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In (3) PF is the pressure inside the vessel made by the fluid, Patm is a constant pressure outside the vessel made by 
the surroundings and Ĳrr is the stress made by the vessel in the radial direction on a plane which has by normal a
versor in the radial direction. The minus sign in (3) comes from the opposite normal signs on the cylinder surface.
The boundaries conditions (3) are evaluated in r = a (intimae wall) and r = a +h (adventitia wall).
Solving (2) under the boundaries conditions (3), assuming an incompressional medium (Ȝ >> μ), as this is valid
for most biological tissue including arteries, we obtain:
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This result is consistent with the one found by [1]. Evaluating (4) at r = a and r = a +h, reminding that for an
incompressional medium the Young modulus Y § 3μ, we obtain the following equation for the intimae and
adventitia wall displacement as function of pressure,
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Where P is defined as the difference between the pressure inside the vessel and the outside constant pressure: P = 
PF - Patm. Defining the wall strain as İ = (ho – h(P))/ho, where ho is the wall thickness at pressure 0 and h(P) is the
wall thickness at pressure P, from (5) after some calculation we obtain the strain as a function of pressure: 
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From (5) and (6) a proportionality relationship is obtained between the displacements and the pressure inside the
vessel where the Young modulus is in the proportionality factor involved along with other vessel parameters. Fitting
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displacements vs. pressure or radial strain vs. pressure plots the estimation of the vessel Young modulus from a
simple linear fit will be obtained.
Since in reality pressure-displacement relationship in arteries is non linear the model found in (5) and (6) is 
useful to estimate the effective Young modulus of elastine (low pressure: below § 120 mmHg) and collagen (high
pressure: above § 120 mmHg) where the relationship is in a first approximation linear [2].
3.  Experimental Setup and Young modulus estimation
A schematic representation of the experimental setup is shown in Fig.1. The sample is placed in a loop 
consisting in a perfusion line made of polyethylene and silicon which connects the sample to an air pump and a
sphygmomanometer for pressure measurements. Between points A and B in Fig.1 the loop is filled with distilled
water for the diameter measurement using ultrasound. The rest of the loop is filled with air in order to measure the
hydrostatic pressure inside the loop using a sphygmomanometer. To control the pressure rise inside the loop an air
pump is used. The experimental setup allows a variation of the static pressure between 0 mmHg to 300 mmHg.
Fig.1 Schematic representation of the experimental setup.
To measure wall displacement an ultrasonic probe of central frequency of 20 MHz in pulse-eco mode is used. 
The experimental setup allows positioning the ultrasonic beam diametrically and perpendicularly to the vessel wall,
as shown in Fig.2.
Fig.2  Schematic representation of the displacement measurement. Four echoes per A-Scan can be seen, each corresponding to each sample-fluid
interface. Through a cross correlation algorithm the wall displacement is obtained.
Once the ultrasonic beam is set up perpendicularly and diametrically to the sample´ surface, for each pressure rise
an A-Scan is acquired at a sampling frequency of 80 MHz. In each A-Scan four echoes can be seen (Fig.2.), each
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one corresponding to each water-sample interface. In this work the following nomenclature will be used: the part of 
the wall which is nearer (farer) to the transducer will be called anterior (posterior) wall. For the anterior (posterior)
wall two echoes can be observed, one corresponds to the adventitia and the other one corresponds to the intimae. For
example anterior adventitia wall will correspond to the first echo appearing in the A-Scan. Measuring each echo
position through a cross correlation algorithm [3] we obtain the wall displacement as pressure changes.
As a first conclusion using (5) and (6) we can obtain six independent estimations of the Young modulus fitting
displacement of the four interfaces as a function of pressure and the two radial strains for the posterior and anterior
wall as a function of pressure.
4. Measurements on latex tube
In order to validate the experimental setup measurements were performed in an elastic latex tube. Several
transducer frequencies were tested (10 MHz, 15 MHz and 20 MHz). Best results were obtained using a 20 MHz
transducer as it was expected since not only the lateral resolution increases as the frequency increases (Rayleigh 
criterion) but also the error committed in the cross correlation algorithm imposed by Cramer- Rao limit decreases
[4]. Six Young modulus estimations were obtained for the latex tube. The results are summarized in Table 1.
Table 1. Results for a latex tube using a 20 MHz ultrasonic probe.Y is the Young modulus and dY is the 
error calculated from the linear fit in MPa
Anterior Wall Posterior Wall
Y dY Y dY
Intimae 1.39 0.03 0.87 0.007
Adventicia 1.48 0.04 0.8 0.006
Radial Strain 1.02 0.03 1.69 0.05
As it is shown in Table 1 and in Fig. 3 best results are obtained for the displacements of the intimae and
adventitia posterior wall. The error committed is an order of magnitude less for the displacements than for the radial
strain. For the radial strain the linear fit is not as good as for the displacements. A preliminary conclusion would be 
to estimate the sample’s mechanical parameters from the displacements and not from the radial strain as some
authors propose [3], [5].
Fig.3  Displacement (mm) as a function of pressure (mmHg) for the anterior a1) intimae wall, a2) adventitia wall and for the posterior b1)
intimae wall, b2) adventitia wall. Deformation as a function o pressure (mmHg) for the a3) anterior wall and b3) posterior wall.
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4.1. Error estimation in the Young modulus measurement
In order to support the preliminary conclusion made in the last section the error committed in the Young modulus
estimation from (5) and (6) will be calculated assuming as independent variables a, h and ur (the radial
displacement).
P
ahhau
ahaY
r )1)/1)(((
)/1(
2
3
2 
  (7)
P
ahau
ahaY
r )1)/1)(((
)/1(
2
3
2
2

  (8)
P
ahu
ahhP
ah
ahY
)1)/1((
)/1(
2
3
)1)/1((
)/1(
2
3
22 '
 

 
H
 (9)
Where in (9) ǻu is defined as the difference between ur(a) and ur(a+h) . Since the error committed in the 
determination of a and h is the same, propagating errors in (7), (8) and (9) respectively we obtain:
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Where x=h/a. For the latex tube we obtain the following values: h=0.6 mm, a=3.4 mm, ǻu § 0.07 mm, u § 0.1 mm,
where for these values x § 0.17. Since the error in the determination of a and h is the same as for ur because all 
comes from the cross correlation algorithm. Substituting the values in (10), (11) and (12) we obtain that the relative
error committed in (12) is an order of magnitude bigger than the one committed in (10) and (12).
For real arteries x is of the same order and the displacements are of approximately 0.2 mm and ǻu § 0.01 mm [6],
[7], [8]. Again a difference of an order of magnitude is found. This explains the difference between measuring the
radial strain and the radial displacements.
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5. Measurements on human arteries
In order to final validate the method, measurements were performed in human arteries (common and internal
carotids, and superficial femoral). In both cases the typical non linear pressure – displacement relationship was
observed (Fig. 4). The Young modulus for elastine and collagen was separately estimated. It is of common
knowledge that for pressures below § 120 mmHg (“low pressures”) the component of elastine dominates the
mechanical behaviour of the vessel and over 120 mmHg the collagen dominates the mechanical properties (“high
pressures”) [2]. We tried to estimate the effective Young modulus of the sample in both pressure intervals.
Fig.4  Pressure (mmHg) vs. Displacement (mm) for the posterior intimae wall of a healthy carotid artery.
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5.1. Carotid Artery 
The results are summarized in Table 2. for low pressures (from 40 mmHg to 120 mmHg). No Young modulus
estimation could be achieved from the radial strain since the linear fit was badly conditioned. For high pressures the
results are summarized in Table 3. Results summarized in Table 2 and in Table 3 are in good agreement with the
literature [7], [8].
Table 2. Young modulus estimation from the posterior wall of a healthy carotid artery for pressures below 120 mmHg.
Measurements in human
carotid artery
Young Modulus (MPa) Error (MPa)
Intimae 0.398 0.006
Adventitia 0.272 0.005
Table 3. Young modulus estimation from the posterior wall of a healthy carotid artery for pressures above 120 mmHg.
Measurements in human
carotid artery
Young Modulus
(MPa) Error (MPa)
Intimae 0.49 0.05
Adventitia 0.34 0.04
5.2. Femoral Artery
Measurements on a femoral artery were also performed. In this case the artery presented a palpable fibrosis along 
its axis. Measurements were made (only for high pressures intervals) on the healthy and atherosclerotic wall.
Table 4. Young modulus estimation from the posterior wall of a healthy femoral artery for pressures above 120 mmHg.
Measurements in human
femoral artery
Young Modulus
(MPa) Error (MPa)
Intimae 0.80 0.04
Adventitia 0.79 0.03
Radial Strain 0.82 0.11
From Table 4 we conclude that the Young modulus was successfully estimated in three independent ways. The
error committed in the estimation from the radial strain is bigger than the one committed if the Young modulus is
estimated from the displacements, as it was expected. The values are in good agreement with the literature [8]. 
Table 5. Young modulus estimation from the posterior wall of an atherosclerotic femoral artery for pressures above 120 mmHg.
Measurements in 
atherosclerotic human
femoral artery
Young Modulus
(MPa) Error (MPa)
Intimae X X
Adventitia 3.6 0.8
Radial Strain 2.11 0.8
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For the atherosclerotic femoral artery wall (Table 5) a bigger Young modulus compared to the healthy one is
found as in [7], [8]. This result can be also foreseen in Fig. 5. In both cases the same value is found for the
estimation of the Young modulus form the displacements and from the radial strain.
Fig.5  Percentage in change of thickness vs. pressure for the healthy wall of a femoral artery in comparison with the percentage of change of a 
wall with fibrosis.
6. Conclusions
An experimental setup capable of measuring very accurately the arterial radial displacements for the Young
modulus evaluation was developed. The obtained experimental results in the latex tube are in good agreement with
the theoretical model. This could be used in the characterization of arterial prosthesis and in in-vivo measurements.
Measurements performed on a human femoral and carotid showed the expected non linear behavior.  Te arterial
wall elasticity could be estimated in three different equivalent ways: displacements (intimae and adventitia) and 
deformation. It was shown that the first approach is less affected by error (one order of magnitude).
The Young modulus estimations in human arteries are in good agreement with the literature. Healthy tissue could
be differentiating from ill tissue from the Young modulus estimation (atherosclerotic tissue presented greater Young
modulus).
Acknowledgments
Work supported by PEDECIBA – FISICA and SUCoDIC-CYTED.
References
1. C. L. de Korte, E. I. Céspedes, A. F. W. Van der Steen, C. T. Lancée, Ultrasound in Med. And Biol., Vol 23, No 5, pp. 735-746 (1997)
2. W. W. Nichols, M. F. O’Rourke, Mc Donald’s Blood Flow in Arteries: Theoretical, Experimental and Clinical Principles, 4th edn, pp. 49–
65, 67–93. Edward Arnold Publishers, London, UK, (1998).
3. A. Susila, T. Shiina, IECI Chapter Japan Series Vol. 3 No. 1 (2001)
4. W. Walker, G. Trahey, IEEE Ultrasonic Symposium (1994)
5. H. Hasegawa, H. Kanai, Y. Koiwa, IEEE T.U.F.F.C. Vol. 51 No. 1 (2004)
6. R. K. Warriner, K. W. Johnston, R. S. C. Cobbold, Pysiol. Meas 29, 157-179, (2008)
7. H. Hasegawa, H. Kanai, N. Hoshimiya, N. Chubachi, Y. Koiwa, IEEE Ultrasonic Symposium (1998)
8. D. Bia, R. L. Armentano, Y. Zócalo, H. Pérez Campos, E. I. Cabrera Fischer, S. Graf, M. Saldías, W. Silva, I. Alvarez, Cell Tissue Banking 
8, 43-57, (2007)
1094 J. Brum et al. / Physics Procedia 3 (2010) 1087–1094
